Precision medicine is defined by the National
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrosing interstitial lung disease of older adults, affecting an estimated 60 to 100,000 Americans (1, 2) . The pathobiology of IPF remains incompletely understood, but recent evidence has highlighted the central importance of the alveolar epithelial cell, cellular senescence, and the recapitulation of developmental pathways (3, 4) . Recently, two medications, nintedanib and pirfenidone, have been approved for the treatment of IPF on the basis of reductions in the rate of physiologic decline, but the disease still progresses in treated patients and there remains no cure (5, 6) .
In 2011, the evidence-based guidelines for the management of IPF from the American Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic Association reinforced the central role of radiology and pathology in disease diagnosis. As defined by the guideline panel, the diagnosis of IPF requires the identification of usual interstitial pneumonia pattern on chest highresolution computed tomography (HRCT) or a combination of HRCT and surgical lung biopsy features that support the presence of usual interstitial pneumonia pattern. The diagnosis further requires a multidisciplinary discussion involving clinicians, radiologists, and pathologists to ensure that the clinical presentation is consistent with an idiopathic condition. This descriptive approach to IPF diagnosis has served the field well by identifying patients who share a progressive clinical phenotype. It remains unknown, however, whether IPF has distinct, clinically relevant subgroups defined by differences in genetics, molecular mechanisms, environmental factors, or patient behaviors.
Precision medicine, as defined by the National Institutes of Health's Precision Medicine Initiative Working Group, is an approach to disease treatment and prevention that seeks to maximize therapeutic effectiveness by taking into account these individual genetic, molecular, environmental, and lifestyle differences (7) . A recent editorial suggested we are at an inflection point in the growth of medical science between a steady but slowing contribution from traditional approaches to clinical investigation (e.g., observation and descriptive categorization) and a new and accelerating "precision medicine"-based contribution driven by advances in molecular genomics, computational speed, and bioinformatics (8) . This is an exciting and potentially revolutionary moment in medicine. In this article, we describe the nascent efforts at precision medicine in the field of IPF, with particular focus on possible endotype identification and how environmental and behavioral subgroups may also be relevant to disease management.
The Promise of Precision Medicine
To date, most approaches to precision medicine have focused on the search for distinct genetic and/or molecular disease subgroups. This approach has garnered increasing attention in the pulmonary community, given its revolutionary impact on the fields of lung cancer, cystic fibrosis, and asthma (9). The term "endotype" was coined by Dr. Gary Anderson to refer to these molecularly defined subgroups, and many investigators now believe that IPF likely contains distinct endotypes that may be identified through biomarker profiles (10) (11) (12) .
The field of oncology is being transformed by precision medicine, with many novel therapies being developed that target specific disease endotypes. Examples include metastatic breast cancer, where tumors expressing human epidermal growth factor receptor 2 (EGFR2) have been shown to benefit from the EGFR2 monoclonal antibody trastuzumab (13) , and non-small cell lung cancer, where tumors with mutations in EGFR (14) demonstrate benefit from tyrosine kinase inhibitors such as erlotinib, gefitinib, and afatinib (15) (16) (17) (18) . In recognition of the impact precision medicine has had on drug development in oncology, the National Institutes of Health, in collaboration with academia and industry, has established a Lung Master Protocol (Lung MAP), which assigns subjects to clinical trials of endotypedirected therapies on the basis of their genetic and molecular profiles (19) . This promises to greatly increase the efficiency of clinical drug development.
Asthma provides another example of the potential impact of endotypes. Asthma, like IPF, was historically defined clinically (20, 21) and was broadly characterized as an inflammatory airways disease (21, 22) . In 2009, the concept of "Th2-high" and "Th2-low" asthma endotypes was advanced (23) , and clinical trials of lebrikizumab, a monoclonal antibody against IL-13, were stratified by Th2-high and -low endotypes (24, 25) . Lebrikizumab appeared more effective in patients with the Th2-high endotype. Tralokinumab, another anti-IL-13 monoclonal antibody, also appears more effective in patients with evidence of up-regulated IL-13 (26) .
In 2015, the U.S. government launched the Precision Medicine Initiative with a mission to "enable a new era of medicine through research, technology, and policies that empower patients, researchers, and providers to work together toward development of individualized treatments" (27) . The $215 million investment initially targeted the oncology field, but the longer-term goal is to promote precision medicine-based investigation across a wide range of disease. In the United Kingdom, there has been a similar commitment to creating more precise treatments through the Medical Research Council's Stratified Medicine Initiative and through key partnerships between industry and the UK's National Health Service (28) . These investments highlight the promise of precision medicine to revolutionize many other fields of medicine in the decades to come.
Precision Medicine and IPF
Precision medicine-based research is just beginning in IPF, and its relevance remains to be determined. The examples of oncology and asthma, where clinically relevant endotypes appear driven by a single genetic or mechanistic difference, may not be as germane to conditions like IPF that presumably have multiple, overlapping pathobiological pathways. However, like asthma, IPF is a clinically heterogeneous disease, and it seems logical that this clinical heterogeneity reflects differences in pathobiologically relevant genetic/molecular, environmental, and behavioral factors that could be targeted using a precision medicine-based approach.
In the following sections, we use the categories of genetic, molecular, environmental, and behavioral to review the published literature in IPF to date and identify potential areas for future precision medicine-based research (Figure 1 ). In reality, these areas surely overlap (e.g., gene-environment interactions), and it seems likely that patients with IPF will have several distinct mechanisms important to their individual disease pathobiology. If correct, highly specific "precision medicine-based" therapies may require combination to be effective.
Genetic and Molecular Endotypes
Genetic and molecular endotypes suggested by the literature to date can be roughly organized into the mechanistic categories of epithelial cell dysfunction and senescence, aberrant innate and adaptive immunity, and abnormal lung remodeling. Future research into these potential endotypes should include racially and ethnically diverse populations of patients that allow for a more extensive exploration of this area.
Epithelial Cell Dysfunction and Senescence
Mutations within genes encoding surfactant proteins (SP-A and SP-D) have been described in familial IPF (29) (30) (31) , and levels of surfactant protein levels are elevated in patients with IPF and associated with poor prognosis (32) (33) (34) (35) (36) (37) . Polymorphisms in the promoter region of the gene encoding mucin 5B (MUC5B) have been associated with IPF (38) (39) (40) and predict a distinct clinical course (41) . Mutations in telomerase reverse transcriptase and telomerase RNA component have been described in patients with IPF (42) , and IPF is associated with short telomeres in both peripheral blood mononuclear cells and alveolar epithelial cells. The extent of telomere shortening appears to predict survival (43, 44) . These findings suggest that a predisposition of epithelial cells to injury combined with impaired cellular renewal characteristic of telomere dysfunction may lead to the interstitial changes typical of IPF.
Aberrant Innate and Adaptive Immunity
Although the lack of benefit from immune-modulatory therapies (most recently prednisone, azathioprine, and acetylcysteine) has led some to conclude that inflammation and immune activation are not relevant in IPF (45) , genetic and molecular studies suggest a more complex picture. For example, lung fibroblasts from patients with IPF demonstrate activation of toll-like receptor (TLR) 3, and single-nucleotide polymorphisms (SNPs) within the TLR-3 gene are associated with a faster rate of IPF progression (46) . In addition, SNPs within the toll-interacting protein (TOLLIP) gene have been associated with IPF susceptibility and clinical course (47) . Elevated levels of circulating chemokine ligand 18 (CCL18) (48), autoantibodies against heat shock protein-70 (49), and decreased expression of genes associated with T-cell costimulatory pathways are likewise predictive of IPF progression (50) . Collectively, these findings suggest that aberrations in innate and adaptive immunity may indeed represent important mechanisms in IPF, perhaps defining immune-based endotypes. More targeted immune-targeted therapies may prove important in such patients.
Abnormal Lung Remodeling
Matrix metalloproteinase (MMP)-7, a protease overexpressed by alveolar epithelial cells in IPF (51) , is up-regulated in both peripheral blood and bronchoalveolar lavage fluid of patients with IPF (51, 52). MMP-7 levels have been associated with HRCT abnormalities in at-risk patients and poor prognosis in patients with established disease (41, (52) (53) (54) (55) . Elevated levels of both the matrix-associated lysyl oxidase-like 2 (LOXL2) (56) and integrin avb6 (57) are also present in subgroups of patients with IPF who have a more rapid disease progression, and they represent possible treatment targets. Markers of MMP activity, a subset of protein fragments generated by extracellular matrix turnover, have been associated with disease progression as well as survival (58) . These findings suggest that aberrant matrix remodeling may be an important driver of disease progression in selected patients.
Environmental and Behavioral Factors
Essentially unstudied is the potential contribution of environment (both intraand extrapatient) to the pathobiology of IPF. The intrapatient environment is impacted by diverse patient-specific factors such as chronic microaspiration (secondary to gastroesophageal reflux) (59) and the lung's microbial population (the so-called "lung microbiome"). There is evidence to suggest that microaspiration may contribute to disease progression and acute exacerbation, and the presence of Streptococcus and Staphylococcus strains as well as overall bacterial load seems predictive of more rapid disease progression (60, 61 Epigenetic modification of the genome by environmental factors (e.g., air pollution, infection) represents another important potential contributor to IPF pathobiology. DNA methylation, histone modification, and noncoding microRNA (miRNA) all represent epigenetic factors that have been explored in IPF. Progressive remodeling within IPF lungs may be due in part to particular methylation profiles (62) . Histone modification has been shown to lead to resistance from apoptosis in IPF-derived fibroblasts (63, 64) .
Behavioral contributors to IPF pathobiology have also been little studied. It is clear from epidemiological studies that cigarette smoking is strongly associated with IPF, and it is possible that this is a central pathobiological driver of disease in some patients. Describing the contribution of cigarette smoke to the development and progression of IPF should be a top priority. Other behavioral factors such as diet and exercise (or lack thereof) could contribute to disease progression and are modifiable with targeted therapeutic interventions. . Precision medicine and idiopathic pulmonary fibrosis (IPF). The three categories of "genetics/molecular markers," "environment," and "behavior" constitute the foundational elements of potential precision medicine-based subgroups in IPF and are represented here by overlapping rectangles. The overlying circles represent selected precision medicine-based concepts influenced by the three foundational categories that may prove relevant to precision medicine-based care in IPF.
Examples of Precision Medicine-based Investigation in IPF
We highlight below several recently completed or ongoing clinical studies relevant to the discussion of precision medicine-based investigation. Some of these studies represent attempts at endotype-driven approaches to earlyphase clinical trials, and others provide examples of where endotype-driven design might prove relevant. These studies do not prove the value of precision medicine in IPF; instead, these trials are presented as examples for future sponsors and clinical investigators to consider when developing the next generation of trials and weighing the pros and cons of precision medicine-based design.
TOLLIP, MUC5B, and the Response to N-Acetylcysteine
As discussed, SNPs within TOLLIP and MUC5B have been associated with risk of IPF (38-40, 46, 47) . A recent retrospective review of data from several completed clinical trials in IPF explored a possible pharmacogenomic relationship between these SNPs and response to N-acetylcysteine (NAC) (65) . Interestingly, a specific SNP (rs3750920) within TOLLIP was associated with a reduction in the risk of disease progression, hospitalization, transplant, or death in those receiving NAC therapy. Patients homozygous for the risk allele appeared to benefit from NAC therapy, whereas those with the alternate genotype appeared to be harmed by NAC therapy. It was hypothesized that SNP-driven differences in TOLLIPmediated TLR signaling could lead to an oxidant-driven disease endotype in which NAC therapy would be particularly beneficial (65) . Although exploratory, this early look at the potential interaction between genetics and therapeutic efficacy could explain discordant clinical trial results regarding the efficacy of NAC therapy in IPF (45, 66) and should prompt future clinical trials to include pharmacogenomic analyses in their study design.
Oral Immunotherapy with Type V Collagen
Circulating autoantibodies against type V collagen are detectable in z40% of patients with IPF (67) . Injury to the lung may expose type V collagen to immune cells and autoimmune-mediated injury (68, 69) . On the basis of this hypothesis, a phase I clinical trial of oral immunotherapy with bovine type V collagen was performed in patients with IPF with circulating anti-type V collagen antibodies (70) . Increasing doses of purified oral type V collagen were safe and led to a dosedependent stabilization in circulating MMP7 levels and decreases in C1q binding to anti-type V collagen antibodies, suggesting mechanistic proof of concept (70) .
Autoantibody Reduction Therapy
A subgroup of patients with IPF has circulating autoantibodies against epithelial cells (HEp-2 cells) and heat shock protein-70 that may contribute to parenchymal injury and progressive fibroproliferation (49, 71) . These observations have prompted a phase II clinical trial of rituximab (a chimeric monoclonal antibody against CD20) in IPF that is currently enrolling patients (www.clinicaltrials.gov, NCT01969409). In this trial, only patients with IPF with measurable circulating autoantibodies against HEp-2 cells are enrolled, and the primary endpoint is change in HEp-2 antibody titers.
Laparoscopic Antireflux Surgery
As discussed earlier, gastroesophageal reflux is prevalent in IPF (59) and may contribute to disease progression. Retrospective analyses of observational and clinical trial cohorts have investigated whether the treatment of abnormal gastroesophageal reflux with antacid therapy or antireflux surgery may lead to slowing of disease progression (72) (73) (74) . Unlike antacid therapy, antireflux surgery addresses gastroesophageal reflux directly by eliminating or reducing the frequency of reflux events. The relevance of nonacid gastroesophageal reflux (and therefore of surgical rather than medical management) is another unknown. To test the hypothesis that the subgroup of patients with IPF with abnormal gastroesophageal reflux will benefit from surgical correction of both acid and nonacid reflux, a phase II clinical trial of laparoscopic antireflux surgery in IPF is currently underway (www.clinicaltrials.gov, NCT01982968), with the primary endpoint being change in FVC.
Matrix-directed Therapy
Elevated levels of circulating LOXL2 (a regulator of collagen crosslinking) have been found in a subgroup of patients with IPF, and it is hypothesized that these patients might be responsive to LOXL2-directed therapy. An industry-sponsored phase II study of simtuzumab, an anti-LOXL2 monoclonal antibody (www. clinicaltrials.gov, NCT01769196) was recently stopped early for lack of efficacy. Enrollment was open to a wide spectrum of patients with IPF, and no requirement for elevated LOXL2 was included. The study includes a plan to assess treatment response on high versus low serum levels of LOXL2, which, if suggestive, could provide additional impetus to sponsors and clinical trialists to adopt precision medicine-based enrollment criteria.
Conclusions
We believe precision medicine represents the new frontier for IPF clinical research, one that provides an opportunity to explore a more mechanistic, pathobiological, environmental, and behavioral approach to disease classification and treatment (8, 75) . If successful, precision medicinebased investigations will identify IPF subpopulations that share pathobiological pathways and target those pathways with novel mechanism-specific drugs. We believe that scientists, investigators, sponsors, patients, and regulators should work together to develop and fund innovative, meritorious precision medicine-based research in IPF. To start the process, we suggest the IPF community consider holding an "IPF Precision Medicine Summit" to discuss the promise and risks of precision medicine-based research and to develop a roadmap for the next 5 to 10 years of investigation. It is undeniable that precision medicine holds great promise in IPF and provides the possibility of transformative change in disease diagnosis and management that will lead to better and longer lives for patients. n Author disclosures are available with the text of this article at www.atsjournals.org.
